A case involving concomitant presentation of a #7 lateral facial cleft with a complete cleft of the ipsilateral lip, alveolus, and palate is presented. The mandibular defect was Pruzansky III with a foreshortened body, absent ramus and absent masseter. Taking advantage of developmental field theory, reconstruction of the osseous defect was undertaken using the autogenous periosteum as a source of mesenchymal stem cells. Expansion of the periosteum was followed by implantation of Helistat (Integra Life Sciences, Plainsboro, NJ) collagen sponge saturated with recombinant human bone morphogenetic protein-2. Stimulation of this distraction-induced envelope by rhBMP-2 resulted in abundant production of bicortical membranous bone in situ within 12 weeks. The neoramus was subsequently suspended from the cranial base, and a temporalis muscle transfer was used to provide motor control of the jaw. Synthesis of bone in this manner is termed DISO (distraction-assisted in situ osteogenesis). The biologic rationale and clinical implications of DISO are discussed.
C
ongenital deficiency or absence of the mandibular ramus, coronoid process, and condyle are characteristic of Treacher-Collins syndrome, craniofacial microsomia, and the #7 cleft as described by Paul Tessier.
1 Surgical management of missing bone in these conditions has involved autogenous bone grafting and, more recently, distraction osteogenesis. The biologic behavior of surrounding soft tissue frequently constitutes a limiting factor in such cases. Development of new reconstructive strategies suffers from an inadequate theoretical model with regard to their embryology.
Recent availability of biologic osteoinductive agents such as recombinant human bone morphogenetic protein (rhBMP-2) offers new possibilities for mandibular reconstruction. When an implant of rhBMP-2 in an appropriate carrier is introduced into a soft tissue environment, mesenchymal stem cells (MSCs) native to that environment differentiate into osteoblasts; new bone forms. This process is known as in situ osteogenesis (ISO). Common sources for MSCs are periosteum, bone marrow, and muscle. Most bones of the craniofacial skeleton develop in a periosteal envelope via membranous ossification. Placement of an absorbable collagen sponge (ACS) saturated with rhBMP-2 into a periosteal environment results in membranous bone formation via ISO. The physical dimensions of ISO-generated bone are exactly those of the periosteal pocket. Critical-size segmental defects of mandible and parietal bone in a variety of mammalian models have been reconstructed using ISO technique.
Distraction osteogenesis (DO) is a controlled form of tissue expansion. Increases in bone dimensions via DO cause concomitant changes in soft tissues. Craniofacial advancement using DO offers a significant clinical advantage precisely because of the ability of the soft tissue ''surround'' to adapt to the expansion. Periosteum is a soft tissue structure. Neural crest MSCs within the cambium layer of periosteum are the source of the cell lines that produce and remodel the membranous bones of the face and skull. DO causes expansion of surrounding periosteum. Rapid DO-mediated expansion of a periosteal envelope results in an enlarged chamber into which an rhBMP-2/ACS implant can be placed. Vector control of the expansion process can theoretically produce a chamber of desired size and direction. Production of bone by rhBMP-2/ACS within such a chamber is called distraction-assisted in situ osteogenesis (DISO).
We present the first clinical application of DISO to the human craniofacial skeleton. The patient had a left-sided #7 cleft extending from the oral commissure through the horizontal embryologic axis of the ear, along with an ipsilateral cleft of the lip, alveolus, and palate. The ramus, coronoid, and condyle were missing, and the distal (posterior) aspect of the mandibular body was foreshortened. Masseter and pterygoid muscles were absent, but temporalis was present (albeit uninserted). Surgical reconstruction of the defect was predicated on creation of a neoramus and condyle using DISO technique. The distal mandibular body was osteotomized and rapidly distracted in a posterior and superior direction. The distraction chamber was filled with an rhBMP-2/ACS implant; 3.5 cm of bone was generated. The anatomy of the DISO regenerated was that of the native environment (ie, lingual and buccal cortices with an intervening marrow were produced). Subsequent closure of the lateral cleft involved abutment of the proximal segment to the skull base and tendon transfer of the temporalis muscle to the neoramus. Oral continence and motor control were thus achieved.
The purpose of this communication is to present in detail the clinical anatomy of the case, the rationale of the reconstructive sequence, and the surgical techniques involved. Discussion involves the follow topics: (1) mechanism of action of rhBMP-2/ACS; (2) clinical performance of rhBMP-2 within the expansion chamber; (3) implications of DISO as to the biology distraction osteogenesis; (4) the concept of craniofacial developmental fields; and (5) reconstruction of field deficits using DISO.
MATERIALS AND METHODS
T he patient had multiple left-sided congenital anomalies of her facial skeleton and soft tissues (Fig 1) . A complete cleft of the lip and palate was present in combination with a lateral facial cleft extending from the left commissure through the ear. On either side, the muscles of facial expression were normal. Temporalis muscle was present and functional, but masseter and pterygoids were absent. Soft tissue bulk over the region of the posterior mandible was reduced.
The ear cleft was oblique, extending from anterior to posterior in a caudal to cranial manner. The upper portion of the ear contained skin and cartilage; the lower portion contained a dysplastic external auditory canal, the remainder of the pinna, and the lobule. The anterior structures above the cleft were absent. Below the cleft were a deformed tragus and abortive external auditory canal. Posterior structures included an aberrant antitragus and earlobe.
As in all labiomaxillary clefts, a deficiency state existed in the anterolateral piriform fossa. Continuity between mucoperiosteum lining the alveolar cleft and the vestibular lining of the nose resulted in caudal displacement of the alar base and distortion of the alar cartilage. Curiously, the position of the maxillary alveolus with respect to the premaxilla was not displaced, as would normally be the case. The ipsilateral palatal shelf was smaller than that of the right side. Soft palate volume was also diminished but not atrophic. The cleft extended posteriorly around the tuberosity, becoming continuous with the lateral cleft. The eustachian tube was open at its lateral aspect; the tensor veli palatini was absent (thus explaining the change in soft palate volume).
Spiral computed tomography (CT) scan revealed all bones on the maxillary side of the cleft to be present (Fig 2) . The zygoma and alisphenoid (greater wing) were normal in volume, but the maxilla and lateral pterygoid process (of alisphenoid) were smaller than on the right. Medial pterygoid process (of presphenoid) was normal, as were the squamous, petrous, and mastoid temporal bone fields.
The mandible and associated structures were remarkably affected. The body was foreshortened. The ramus, coronoid process, and condyle were absent. A separate bony segment projected superiorly from the proximal end of the residual mandible. Masseter muscle attached to the ramus was missing. There was no evidence of masseter along the zygomatic arch. The volume of temporalis muscle arising from squamous temporal bone was normal, despite the lack of coronoid and condylar processes.
We thought that treatment should be predicated on embryogenesis using developmental field theory. The existence of individual soft-tissue bone units having a common embryologic basis was first proposed by Moss 2 as the functional matrix. Opitz 3 considered these units, termed developmental fields, to be genetically related to developmental units of the neural tube. The resultant embryologic model, termed neuromeric theory, has been elaborated by Carstens (vide infra). 4, 5 The pathologic anatomy of this case involved developmental fields of both the maxillary and the mandibular sectors of the first pharyngeal arch. The cleft represented an actual biologic ''seam'' between these fields in the embryonic state. A ''gradient of severity'' was also present, caudal and posterior fields being ore the more severely affected. Thus, posterior mandible was the epicenter of the disturbance. Surgical strategy involved both short-term and long-term objectives: (1) securing nutrition using obturator for oral competence; (2) promotion of speech patterns with palate closure; (3) creation of neoramus/condyle using DISO; (4) transfer of neoramus to skull base as pseudoarthrosis with temporalis transfer for motor control; (6) closure of lateral cleft; (7) reconstruction of cleft lip, alveolus, and nose; and (8) revision of commissure.
We thought that this reconstruction should address the underlying embryologic mechanism responsible for the condition. Clearly, the developmental field forming ramus, coronoid, condyle, and masseter muscle was defective. Although no means to reconstitute masseter exists, we knew that transfer of temporalis could be effective, provided the patient could gain an appropriate lever. Absence of the temporomandibular joint (TMJ) could be overcome with a pseudoarthrosis. Creation of such a neoramus/condyle was the key. Such a bone unit would expand the deficient soft tissue matrix and hold it rigidly in place.
Placement of conventional graft from rib or hip would not produce the soft tissue expansion required. Furthermore, these bones are chondral, being derived from paraxial mesoderm. Bone native to the site is membranous and is derived from neural crest. ISO within a periosteal sleeve using an rhBMP-2/ACS had been shown effective in preclinical animal models (Fig 3) . The key was to produce a periosteal sleeve of the desired dimensions. We decided to make use of distraction technology to achieve just such a distraction periosteogenesis (DP). Regenerate bone within such a chamber would result from the induction of MSCs in situ by rhBMP-2/ACS. Such bone would be membranous. Its physical dimensions would retain the physical changes in soft tissues wrought by the distraction. Moreover, with time, the child eventually would ''outgrow'' her reconstruction. The DISO created neoramus distracted in the future to re-expand the deficient field.
Because of the unusual circumstances of the case, we were able to acquire rhBMP-2 from Genetics Institute (Cambridge, MA) under a compassionate use release from the Food and Drug Administration. Appropriate consent for the surgical protocol was approved by the Institutional Review Board of Children's Hospital Oakland. The parents were fully informed and signed Spanish language consents for the surgical sequence.
When the patient was 9 months old, the surgical sequence was begun when impressions for facial moulage were taken and alveolar extension palatoplasty (AEP) was performed. Despite the large size of the lip cleft, the alveolus was not displaced laterally as expected. We hypothesized this to be a consequence of the lateral cleft because, with growth, the divided lateral fields would exert less of a traction effect on the ipsilateral maxillary alveolus. The high alveolar incision used in AEP technique is designed to ensure preservation of blood supply to the entire osteogenic cambium layer of mucoperiosteum. The objective of AEP is to ensure biologic activity of lingual functional matrix, thus promoting subsequent alveolar growth.
When the patient was 25 months old, osteotomy of the proximal mandibular segment was carried out and a distraction device placed (Fig 4) . Bone production was not the objective. Rather, we sought a distraction of the periosteal sleeve in a proximal and superior direction. Such a distraction periosteogenesis would create a recipient chamber lined with mesenchymal stem cells that, when subsequently filled with an rhBMP-2/ACS implant, would create bone in the desired dimensions and shape. A 15-mm KLS Martin (Jacksonville, FL) distraction device was modified to fit the contours of the mandible. The external portion was placed through the posterior margin of the cleft. The footplates were fixed with 1-mm diameter screws 7 mm in length with center drive heads. Four were used on the proximal/lesser fragment (ie, the future condyle), and five were placed on the mesial/greater fragment. The Cardanic extension for activation was brought out from the posterior aspect of the lateral cleft. Closure was carried out with 4-0 Vicryl to the platysma, 6-0 PDS to the subcuticular dermis, and 6-0 fast absorbing gut to the skin.
At age 26 months, the patient returned for modification of the distractor. We hoped to gain additional length of the chamber. The screws anchoring the greater fragment footplate were removed. Counterclockwise rotation of the activating rod transported the footplates toward the proximal (posterior) end. Examination of the distraction chamber noted it to be essentially devoid of regenerate bone. The resultant gap between the fragments was bridged using a section of titanium mesh. The distal mesh was secured with 2-mm diameter screws to the greater fragment. The device was then reactivated, and the footplate was transported 4 mm to ensure a satisfactory vector. Wound closure was carried out in a manner similar to that of the first surgery.
At age 27 months (3 weeks after the previous surgery), the patient again underwent surgery, and the device was exposed (Fig 5) . The gap between the proximal and distal fragments was 35 mm. The discontinuity itself was without soft tissue or osseous content. When the chamber was probed, it was noted that a degree of bone-like tissue was present along the medial wall of the chamber. No sign of bone formation was present in the superior or lateral aspect of the chamber. The cardanic activating device was Fig 4 Distractor placement along the lateral aspect of the mandibular body resulting in a 120-degree interruption of the periosteal surface. Two rounds of distraction were used to gain maximal length. Upon surgical re-entry into the site, bone formation had taken place with a clear medial-to-lateral maturation gradient, reflecting the biologic integrity of undisturbed periosteum.
Fig 3
Histologic analysis from a critical-size 10-cm mandibular defect in an adolescent pig showing a pattern of bone maturation proceeding from outside-in (ie, from the periosteal surface toward the rhBMP-2/ACS implant). At 3 months, histologic analysis demonstrates conversion of woven bone to mature trabecular form at the periphery. In the very center of the specimen, a small island of ACS remains, at the periphery of which active ISO is under way. Osteoblasts are laying down osteoid at the interface with the collagen sponge, whereas slightly more lateral, the early formation of woven bone from osteoid can be seen.
removed. Preparation of the rhBMP-2/ACS implant was carried out as dictated by the instructions. The protein powder was reconstituted with sterile saline provided. This resulted in a final concentration of 1.5 mg/mL. The solution was then applied using a drop-by-drop technique over the Helistat-activated (Integra Life Sciences, Plainsboro, NJ) collagen sponge, the goal being to achieve a uniform degree of saturation over the entire surface of the ACS. The device was then rolled up and sectioned into five segments. Each segment was individually placed into the chamber such that the three-dimensional volume of the discontinuity was completely occupied by the implant. The entire collagen sponge was used.
When the patient was 29 months old (8 weeks later), suspension of the jaw to the cranial base and muscle transfer were undertaken (Fig 6) . The temporalis muscle fascia was followed beneath the zygomatic arch until reaching the upper cleft margin. Opening of the posterior cleft margins left a tunnel through which a tendon graft could be passed. At the margin no muscle per se was noted; instead, poorly developed fatty tissue was present. Fascia lata was harvested from the ipsilateral thigh. The tendon graft was woven into the temporalis muscle fascia and then passed down through the tunnel. The graft was then looped around the neoramus and passed back beneath the zygomatic arch to the temporal fossa.
Aberrant dental units were extracted just anterior to the rhBMP-2/ACS reconstruction site. We thought these might represent an abortive attempt to form a coronoid process or a portion of proximal maxilla. The lateral cleft was closed in three layers. Commissure reconstruction was deferred until after subsequent lip repair. Care was taken to excise the epithelial lining of the blind external auditory canal. We brought the neocondyle into position just anterior to tympanic bone. Suspension was carried out with 3-0 nylon.
Tension of the fascial sling around the ramus was adjusted in the temporalis fossa against passive opening of the mandible.
A curious finding was noted at this surgery. The same submandibular incision used in the three previous operations had an appearance far different from expected. It was soft and not inflamed. It seemed more like the mature scar of a year's duration than a fresh postoperative scar. This was reminiscent of a similar reaction observed in the porcine model of ISO used in preparations for this case.
At 32 months of age, the child underwent functional matrix reconstruction of the labiomaxillary cleft and cleft rhinoplasty with anterior septal correction. [6] [7] [8] Sliding sulcus subperiosteal technique was carried out all the way to the buttress; thus, the entire maxillary functional matrix was advanced forward into its correct position in space. This follows the principles of Delaire and colleagues and Soteranos and colleagues. [9] [10] [11] Care was taken to suture the two planes of deep and superficial orbicularis in two planes as described by Park and Ha. 12 The deep orbicularis oris was repaired in continuity between both sides, whereas the Superficial orbicularis oris was sutured to the philtral margin. Complete release of nasal vestibular lining from the ipsilateral piriform fossa and from the overlying nasal envelope was achieved. The resultant defect in the lateral nasal wall was replaced by the paring tissue flap A1 harvested from the prolabium and in continuity with the medial crural chondrocutaneous flap.
When the patient was 36 months old, revision of the initial lateral repair was undertaken to ''bulk up'' the cleft edges and perform initial commissure repair. Repositioning of the alar base was likewise accomplished.
RESULTS

T
he patient has achieved normal body growth and developmental milestones. She speaks English and Spanish well. Oral competence is good; no oral-nasal fistula is present. Her left TMJ pseudoarthrosis functions well with excellent interincisal opening. The mandibular neoramus is 3.5 cm long and provides good soft tissue contour and projection. CT scan discloses a lingual cortex and a buccal cortex separated by an intervening space consistent with marrow (Figs 7, 8) .
Dental development is proceeding normally in unaffected maxillary and mandibular fields. Maxillary growth is almost symmetrical; residual hypoplasia is noted at the tuberosity. The previously deficient lateral pterygoid plate is growing proportionately, albeit smaller than on the right side. Mandibular growth continues to be reduced on the left side. Although no outright deficiency state exists in the right mandible, overall growth is also reduced. Thus, both sides of the mandible have been affected, but all fields continue to develop at their own intrinsic pace (no one site is diverging away from the others). Soft tissue development is proceeding well. The lip remains level and the left airway remains patent. The nasal dorsum is straight; alar bases are level and equally projected in space. Mild asymmetry of commissures persists.
At 48 months of age, the patient continues to have good nasomaxillary symmetry (Fig 9) . Her oral opening is excellent with very little deviation from the midline. All phases of initial reconstruction are complete with exception of microtia repair. Additional distraction is anticipated as growth proceeds. The hypertrophic lip scar will be revised with two cycles of adjunctive postoperative radiation to the surgical site. In contrast, the neck incision is not hypertrophic, despite the multiple entries at the site. Soft tissue augmentation with fat injection will be used to further refine her facial contours.
DISCUSSION B
one morphogenetic protein-2 is one of at least 15 BMP molecules, all of which belong to the transforming growth factor superfamily.
13 BMP2, 6, and 9 have the most osteogenic activity. 14 The mechanism of rhBMP-2/ACS involves six steps. 15 They are: (1) Implantation: the surgical creation or modification of an environment containing mesenchymal stem cells. This involves contact with periosteum, muscle, or bone marrow; (2) Chemotaxis: MSCs from up to 2 inches away are attracted by rhBMP-2 to the implantation site; (3) Proliferation: rhBMP-2/ACS implant provides local environment where MSCs can multiply before differentiation; (4) Differentiation: rhBMP-2 binds to specific receptors on the MSC cell surface causing them to change into osteoblasts; (5) Bone formation and angiogenesis: osteoblasts respond to local mechanical forces to produce osteoid. Intense new blood vessel formation is observed; and (6) Remodeling: bone remodels in response to local environment and mechanical forces.
Clinical performance of rhBMP-2/ACS is relatively predictable. 16 The amount of bone produced relates to the size of the regenerate chamber. Complete filling of the regeneration chamber with sponge is important. In spinal fusion, physical stability is provided by the transverse processes. The presence of an external container, either of absorbable PGA/PGL mesh or of stainless steel, has proven useful in providing a shape to the regenerate bone. Serial CT scan provides evidence of the time course of ISO. At 6 weeks, bone formation is clearly seen. By 12 weeks, consolidation is present. Critical size defects in porcine calvaria demonstrated identical histologic findings and tensile strength compared with the control side at 12 weeks. 17 Humans may lag behind, but evidence for this remains preliminary. Final remodeling can be considered complete at 24 weeks. This seems to an appropriate time for plate removal or additional manipulations, such as osteotomies for distraction.
The clinical behavior of soft tissues in the presence of an rhBMP-2 implant varies considerably from other surgical models. The intense vascular influx causes swelling to peak more slowly (2 days) and disappear more slowly (5 days) than the normal course of events. Wound healing is affected in a currently unknown manner. Scar formation above an implantation site seems to bypass some of the typical early stages. Scars at 1 month may have the clinical appearance of scars 6 to 12 months old.
Maxillofacial Applications of rhBMP-2: Preclinical and Clinical Studies
Boyne 18 documented the ability of rhBMP-2 to augment the alveolar ridge, fill the maxillary sinus, and replace surgically created mandibular defects. Using similar methodology, he demonstrated the ability of rhBMP-2 to repair simulated cleft palate defects. [19] [20] [21] Following long-standing work with alveolar distraction, Chin and colleagues successfully applied rhBMP-2 in human distraction cases. [22] [23] [24] [25] In preparation for the clinical management of the case presented here, Carstens and Chin tested the ability of rhBMP-2/ACS to produce ISO in a critical-size, 10-cm mandibular defect in 2001. 26 Fully formed trabecular bone was observed at 3 months. The success of this work led these workers to postulate a surgical sequence in which rapid distraction periosteogenesis would be followed by rhBMP-2/ACS into the implantation chamber. Successful implementation of DISO technique in the human mandible was first reported by Chin and Carstens in 2003. 27 Clinical Significance of the #7 Cleft: Developmental Fields Exist Descriptive embryology as a science began from pioneering observations by Wilhelm His in the 1870s using light microscopic analysis and histological staining. 28 The approach was morphologic, rather than cellular. His was a staunch opponent of the idea that genetic material might reside within the nucleus. His descriptive terminology (eg, ''lateral nasal process'') can be found in all textbooks. But what is the anatomic nature of a ''process?'' What are its constituent parts and from where in the embryo do they come? All surgeons are well aware that clefts, for example, occur in a orderly spectrum of presentations. Unfortunately, concepts such as ''failure of fusion'' or ''failure of mesoderm penetration'' are incapable of providing a rational explanation for this varying degree of pathology. Embryology seems a jumble of terms with no clinical relevance. But the fact remains: without a detailed understanding of the developmental anatomy of the face based on modern developmental biology, genetics, comparative anatomy, and neuroembryology, pediatric plastic surgery is a collection of techniques in search of a science.
Based on clinical observations of secondary cleft patterns, this author arrived at the following hypotheses: (1) unidentified developmental fields might constitute the ''building blocks'' of the face; (2) a deficiency in such a field would be characterized by an inadequate osteosynthetic capability; (3) the pattern of osseous deficiency in a cleft might be a clue to its pathogenesis; (4) in common labiomaxillary clefts, a bony insufficiency exists in the inferolateral piriform fossa/lateral nasal wall; (5) such a functional matrix deficiency state might account for the relapse pattern observed in patients with cleft after primary repair. 29 To test these ideas it seemed logical as a first approximation to study the relative contributions of the internal carotid artery (ICA) and external carotid artery (ECA) circulations to the skin and epithelium of the nasal fossa. Contrast injections into isolated internal carotid arteries in a series of aborted fetuses were performed. These results were first reported at the Plastic Surgery Educational Foundation awards program at the 2000 annual meeting in Los Angeles of the American Society of Plastic Surgeons. 29 The author found, to his surprise, that the upper border of the inferior turbinate combined with the skin/mucosa junction of the inferolateral piriform fossa just anterior to the inferior turbinate constituted a potential field interface zone. 29 At this site three distinct biologic systems (vascularization, innervation, and genetic programming) functioned in precisely the same manner: (1) The internal carotid supplied the mucosa (but not skin) of the lateral nasal wall but only as far as the upper border of the inferior turbinate. The mucosa beneath the turbinate and the skin margin along the infracartilagenous nostril were unperfused; (2) The sensory innervation followed the exact same distribution pattern. The epithelium supplied by the ICA corresponded to sensory supply from the 1 branch of the trigeminal, whereas that supplied by the ECA was innervated by V2; and (3) The inferolateral piriform fossa also represents an interface zone between three entirely different developmental zones of the embryonic neural crest.
Neural crest cells are the cells that arise during embryogenesis from a border zone between the more lateral zone ectoderm responsible for forming skin and the more axially located zone of ectoderm responsible for forming the brain and spinal cord. 30, 31 Neural crest cells migrate widely and form many structures, such as dermis, bone, and cartilage usually associated with mesoderm. These cells also form components of the nervous system, such as Schwann cells and autonomic ganglia. [32] [33] [34] [35] [36] For this reason, neural crest is often referred to as an ectomesenchyme. The great extent of its derivatives has often led authors to refer to it as ''the fourth germ layer.'' It should be remembered that neural crest cells do not make their appearance until well after gastrulation is complete. 37 The three traditional germ layers all are recognized at the time of gastrulation.
The clinical behavior of neural crest cells in terms of their migration pathways and derivatives stems largely from what part of the neural folds they originate. The names of these neural crest zones correspond to the original three parts of the developing central nervous system (learned by most of us and promptly forgotten). 38 These are: the prosencephalon (forebrain), mesencephalon (midbrain), and rhombencephalon (hindbrain). Using these terms, the following model applies to the piriform fossa. The ICA zone of the lateral wall is populated by prosencephalic neural crest (PNC). The ECA zone of the lateral wall is supplied by rhombencephalic neural crest (RNC). The inner lamina of the lower half of the piriform margin belongs to the premaxilla. The bone of the premaxilla and vomer is supplied by mesencephalic neural crest (MNC).
Details of the experimental data and their many implications appeared in print as a supplement to the Journal of Craniofacial Surgery in February 2002. 4 The purpose of this publication was to describe a preliminary, but clinically relevant, ''map'' of developmental fields as they applied to the facial midline. As we shall see, this model permits us to assemble an accurate picture of how the premaxilla and maxilla develop and interface with other facial bones. Isolated deficits in this system can potentially explain the pathologic anatomy of virtually all forms of facial clefts. 39 Craniofacial mesenchyme is largely made of neural crest cells, so the size and shape of its component bones is a good first approximation of field boundaries. The premaxilla (PMx) provides an excellent example. The neural crest population making up the PMx field has three subfields: central incisor, lateral THE JOURNAL OF CRANIOFACIAL SURGERY / VOLUME 16, NUMBER 6 November 2005 incisor, and an ascending process (Amp) that constitutes the medial lamina of the piriform fossa. These subfields develop in the exact order of their biologic age. The neural crest cells housing the central incisor arrive first, whereas those developing into the Amp arrive last. A most minimal ''hit'' in this mesenchyme always affects APm, causing the ''scooping out'' of the inferolateral piriform fossa that is pathognomonic of the cleft lip nose. A worsened degree of pathology within the population will knock out the lateral incisor and cause a cleft in the primary palate (alveolus) to appear. Because the pathologic anatomy of the cleft lip begins with the premaxilla, no lip cleft can exist without an accompanying nasal deformity. 10 Application of these principles to this clinical case results in a new form of surgical strategy based on correction of a specific embryologic defect. The mammalian mandible has four distinct developmental fields. The first three are defined by the dentition and their sensory supply. Mn0 has the incisors, Mn1 contains the canines and premolars, and Mn2 houses the molars. Three distinct sensory nerves subserving each of the above are enveloped within a common inferior alveolar canal. The ramus MnR constitutes a fourth separate field. It has two outgrowth structures, the coronoid and the condyle. Originating from the ramus is the masseter muscle. Defects in MnR would be expected to progressively involve the condyle, the ramus itself, and the masseter muscle.
On the cranial side of the occlusal plane are ''partner fields'' corresponding to those of the mandible. Thus, the incisors belong to the premaxilla, PMx; the canines and premolars to Mx1; and the molars to Mx2. Just opposite MnR lie the palatine bone field (Pl) and the lateral pterygoid process (LPt). It is of interest to note that reports of Tessier #7 clefts note the presence of a crease in the back wall of the alveolar tuberosity, occasional absence of a molar, and reduced palatine size. The case described here has several of these features, including a significant reduction in size of LPt.
The clinical significance of this case was the restoration of the missing MnR field, some features of which were amenable to synthesis and some of which were not. The absent masseter muscle could not be reduplicated. The mechanical concept was to create appropriate bony platform (via DISO) of appropriate size and shape to which a muscle could be attached. Tendon transfer from the temporalis to the neoramus could recreate a mastication system. In sum: field reconstruction can be achieved using DISO as a means to expand a soft tissue envelope. Although not all components of a field can be recreated, traditional plastic surgical techniques (such as tendon transfer) may give to such a field an acceptable degree of function.
Reconstruction of the Functional Matrix: The Role of DISO
As has been stated previously, the cell membranes of neural crest cells uniformly possess receptors for BMPs. 40, 41 Osteoblasts respond to rhBMP-2 signals by production of osteoid. 42 Mechanical strain, when applied to a distraction chamber, causes a similar production by osteoblasts of bone matrix protein. 43 If the mechanism of distraction osteogenesis proceeds via induction of local osteoblasts, why not create such a chamber rapidly without regard to bone formation? The local environment merely requires that its cellular constituents receive appropriate BMP signals; osteogenesis will ensue. If a uniform concentration of rhBMP-2 can be provided to a chamber via an ACS implant, it does not matter if the chamber is created slowly or rapidly. All surfaces of the chamber are equally stimulated simultaneously.
The most efficient system would be one in which the geometrical dimensions of the chamber are rapidly achieved followed by secondary introduction of the desired rhBMP-2 dose to stimulate the MSC population residing in the walls of the chamber. Such a strategy is entirely feasible using rapid expansion in a specific, planned direction. When this ''distraction periosteogenesis'' is complete, neighboring soft tissues also will be expanded. Synthesis of bone in the chamber by DISO will create a permanent ''internal strut,'' of desired size and shape, that will maintain the expanded state of the soft tissue surround.
An rhBMP-2/ACS implant placed into a distraction chamber contains 1.5 mg/mL of protein. This represents a supraphysiologic dose, more than 200,000 times the level found in normal demineralized human bone. The ability of ISO to fill a 10-cm chamber in 120 days invites comparison between the clinical performance of DISO and that of conventional distraction. 26 At a rate of 1 mm per day, the latter would require more than 100 days to reach the desired length without a uniform time for maturation of the distraction chamber. In summation, knowledge of the developmental theory can enable surgeons to use the principles of DISO to recreate missing tissue units by planned vector-controlled tissue expansion.
SUMMARY
A n unusual case of multiple facial clefts is presented, the anatomical analysis of which makes use of the neuromeric model of developmental fields. The embryonic defect was localized to the MnR field, involving neural crest arising from the third rhombomere and, to a less degree, neural crest from the second rhombomere forming the palatine and lateral pterygoid plate fields. Reconstructive strategy was predicated on de novo synthesis of a mandibular ramus and muscle transfer from the normal, ipsilateral temporalis. Deliberate, spatially directed expansion of the defective field using periosteal expansion followed by implantation of rhBMP-2 proved a highly effective strategy.
